The mechanisms responsible for the cardioprotective effect of hydrogen sulfide (H 2 S) are unclear. The present study was designed to examine whether H 2 S could regulate hyperhomocysteinemia (HHcy)-induced cardiomyocytic endoplasmic reticulum (ER) stress. A rat model of HHcy was produced, and H9c2 cells (rat embryonic heart-derived cell line) were cultured. The plasma homocysteine was measured by using HPLC. Plasma H 2 S concentration and myocardial H 2 S production were measured with a sulfide-sensitive electrode. Confocal immunofluorescent analysis for cardiomyocytic C=EBP homologous protein (CHOP) was performed. Glucoseregulated protein 78 (GRP78), CHOP, and caspase 12 expressions by myocardial tissues and cleaved caspase 12 and p-eIF2a expressions by H9c2 cells were detected with Western blotting. The results showed that methionine overload induced HHcy, resulting in a marked cardiomyocytic ER stress, whereas endogenous production of H 2 S was reduced in rats with HHcy. H 2 S supplementation, however, decreased expressions of ER stressassociated proteins, including GRP78, CHOP, and caspase 12, by myocardial tissues in vivo. The inhibition of endogenous H 2 S production further enhanced cardiomyocytic ER stress, but H 2 S supplementation effectively antagonized the H9c2 cell CHOP, cleaved caspase 12 and p-eIF2a expressions induced by Hcy, thapsigargin, or tunicamycin in vitro. The results suggest that H 2 S can attenuate cardiomyocytic ER stress in HHcy-induced cardiomyocytic injury.
Introduction
H omocysteine (Hcy) is a sulfur-containing amino acid generated during methionine metabolism. Hyperhomocysteinemia (HHcy) is a pathologic condition in which plasma Hcy metabolism is disrupted (2, 30) . Epidemiologic studies have indicated that HHcy is an independent risk factor for cardiovascular complications (3, 20) . Severe HHcy is due to genetic defects, resulting in deficiencies in cystathionineb-synthase (CBS) or methylenetetrahydrofolate reductase (48) . Mild HHcy is due to mild impairment of the methylation pathway, such as deficiency in folate, vitamin B 6 or vitamin B 12 (24) . HHcy is also related to several life-style factors (3) . Patients with severe HHcy usually are first seen with neurologic abnormalities or premature arteriosclerosis, and cerebral thrombosis or myocardial infarction develops at around the age of 30 years (23) . Patients with mild HHcy are more common in the general population (3) . Mild HHcy can increase the risk of cardiovascular diseases in a concentration-dependent manner (29, 31) .
The mechanisms by which HHcy induces cardiovascular injury are not defined. Studies of cellular and dietary models of HHcy have suggested several mechanisms to explain the cardiovascular changes associated with HHcy. Hcy can cause oxidative injury (26, 40) , cellular hypomethylation (50) , and inflammatory damage (13) . Recently, endoplasmic reticulum (ER) stress was proposed to explain the pathogenic effects of HHcy (5, 25, 43) , which may be a common pathway of injury of tissues and cells induced by HHcy. The ER lumen is a unique oxidative environment, critical for protein folding and formation of disulfide bonds (44) . Disturbances such as cellular redox alteration, glucose deprivation, aberrant regulation of Ca 2þ , and viral infection may cause accumulation of unfolded proteins in the ER (44) . Three ER-associated pathways are subsequently activated, which leads to ER stress. Excessive and prolonged ER stress can trigger cell death (22) . Glucoseregulated protein 78 (GRP78), C=EBP homologous protein (CHOP), and caspase 12 are molecular markers of ER stress. ER stress is considered to be an important mechanism involved in diabetes mellitus, HHcy, neurodegenerative diseases, and viral infections (18) .
Hydrogen sulfide (H 2 S) and Hcy are metabolites of methionine (35) , but they exert entirely opposite effects. For example, Hcy stimulated proliferation of vascular smooth muscle cells (VSMCs), whereas H 2 S inhibited it (7, 39, 45) ; Hcy induced formation of reactive oxygen species (ROS), whereas H 2 S scavenged ROS (1, 32, 40, 49) ; Hcy impaired vascular relaxation, whereas H 2 S improved it (6) . As a gasotransmitter with exclusive biologic effects, H 2 S can be endogenously generated by CBS and cystathionine-g-lyase (CSE) in mammalian tissues (17, 38, 41) . Studies have shown that HHcyassociated damage is due to reduced endogenous generation of H 2 S. Supplementation of H 2 S or the H 2 S-donor sodium hydrosulfide (NaHS) could ameliorate HHcy-induced injury (1, 6, 32, 40, 49) . Lou et al. (19) recently reported that H 2 S exposure inhibited the elevated expression of ER stress markers in rat gastric ulcer cells. Yang et al. (47) showed that H 2 S induced the apoptosis of insulin-secreting b cells by enhancing ER stress (47) .
Given the importance of HHcy in the pathogenesis of cardiovascular disease and altered endogenous production of H 2 S in HHcy, it is imperative to understand whether the ERstress status of cardiomyocytes is regulated by H 2 S and to investigate the underlying signaling cascade.
Therefore, the present study was undertaken to examine whether H 2 S could regulate hyperhomocysteinemia (HHcy)-induced cardiomyocytic ER stress in a rat model of HHcy in vivo and in an H9c2 cell line in vitro and investigate the possible mechanisms.
Materials and Methods

Animals and preparation of an HHcy model
Animal experimental protocols complied with the Animal Management Guidelines of the People's Republic of China. These protocols were approved by the Animal Research Committee of Peking University (Beijing, China).
Male Wistar rats (180-220 g) were purchased from Vital River (Beijing, China). Rats were housed in cages and fed a standard laboratory diet and fresh water. The cages were kept in a temperature-controlled room (24 AE 18C), at a relative humidity of 65-70%, and a 12-h light=dark cycle.
The induction of HHcy was as described previously (33) , with a minor modification. Thirty rats were randomly divided into three groups: (a) control group (n ¼ 10), orally administered drinking water by gavage; (b) methionine group (n ¼ 10), orally administered methionine solution by gavage (1 g=kg per day); and (c) methionine þ NaHS group (n ¼ 10), orally administered methionine solution by gavage (1 g=kg per day) plus NaHS by intraperitoneal injection (14 mmol=kg per day). Rats were maintained for 5 weeks.
Cell lines and reagents
Rat embryonic heart-derived H9c2 cells were purchased from the American Tissue Culture Collection (Rockville, MD). Methionine, dl-homocysteine, l-cysteine, pyridoxal-5 0 -phosphate (PLP), dl-propargylglycine (PPG), thapsigargin (TG), and tunicamycin (TN) were from Sigma-Aldrich (St. Louis, MO). The antibody for GRP78 (3183), CHOP (2895), phospho-eukaryotic initiation factor 2 a-subunit (eIF2a) (3597), and eIF2a (2103) were from Cell Signaling Technology (Boston, MA). The antibody for b-actin (sc-47778) was from Santa Cruz Biotechnology (Santa Cruz, CA). The antibody for caspase 12 (3282) was from Biovision (Mountain View, CA). Anti-rabbit [horseradish peroxidase (HRP)-labeled] antibody, anti-mouse (HRP-labeled) antibody, and electrochemiluminescence (ECL) Western blotting detection reagents were from Santa Cruz Biotechnology. The x-ray film for Western blotting was from Kodak (Rochester, NY). Dulbecco's modified Eagle's medium (DMEM), fetal calf serum (FCS), and l-glutamine were from Invitrogen (Carlsbad, CA).
Cell culture
Cells were cultured in DMEM supplemented with 10% FCS, 2 mM l-glutamine, 100 U=ml penicillin, and 100 mg=ml streptomycin. They grew in a humidified atmosphere of 5% CO 2 at 378C. Cells were made quiescent by incubation with serum-free DMEM for 24 h before use. At 70 to 80% confluence, cells were cultured with media supplemented with 0, 0.1, 0.5, 1.0, or 2.5 mM dl-homocysteine for 6 h. In experiments using donors or inhibitors of H 2 S, cells were pretreated for 30 min with 0, 0.1, 0.5, and 1 mM NaHS or 0, 1, 2 and 5 mM PPG, respectively, and then supplemented with 2.5 mM dl-homocysteine for 6 h. Meanwhile, 10 mM TG or 1.5 mg=ml TN was the positive control to induce ER stress.
Measurement of the total concentration of Hcy in plasma
Blood was collected from the abdominal aortae of fasting rats after 5 weeks. The blood was promptly cooled on ice and centrifuged at 3,000 g for 20 min at 48C. Serum was stored at À208C until use. The total level of Hcy in plasma was measured with high-performance liquid chromatography (HPLC), as described (4) . In brief, serum was reduced for 30 min at 48C. Deproteinization was undertaken with 10% trichloroacetic acid. After centrifugation, the clear supernatant was mixed with NaOH, borate buffer (pH 9.5), and 7-fluorobenzo-2-oxa-1, 3-diazole-4-sulfonate. After derivatization at 608C (1 h), the sample was analyzed with HPLC.
Measurement of plasma H 2 S level
Plasma samples were obtained from abdominal aortae by using heparinized syringes and were immediately centrifuged. Plasma H 2 S concentration was determined with a sulfide-sensitive electrode (ELIT 8225; Electro Analytic Instruments Ltd., London, United Kingdom) and an ELIT Ion Analyzer (ELIT 9801; Electro Analytic Instruments), as previously described (11) . In brief, 0.5 ml of antioxidant buffer (NaOH, 2.35 M and EDTA, 0.27 M) was added to standard S 2-solution (10, 20, 30, 40, 50, 60 , and 80 mM, respectively) or blood samples in the same volume and then well mixed. After being rinsed with distilled water and dried before each measurement, the electrode was immersed into mixtures in turn to record the electrode potential (voltage value, mV). Plasma H 2 S concentration was calculated according to the standard-curve plotting by voltage value versus concentration on the basis of standard S 2-solution.
Determination of H 2 S production rate in the heart H 2 S production rate was measured as described previously (11) , with a slight modification. In brief, myocardium was homogenized in 50 mM ice-cold potassium phosphate buffer (pH 6.8). Then 0.5 ml of 10% (wt=vol) myocardium homogenates was added in the same volume reaction mixture containing 100 mM potassium phosphate buffer (pH 7.4), 10 mM l-cysteine, and 2 mM pyridoxal 5 0 -phosphate in a conical flask. A small center well contained 1 M NaOH to absorb H 2 S. The flasks were then flushed with a constant stream of N 2 for 10 min before being sealed with a double layer. The catalytic reaction was initiated by transferring the flasks from an ice bath to a 378C shaking water bath. After incubation at 378C for 90 min, the reactions were stopped by adding 0.5 ml of 50% trichloroacetic acid to the mixture. Then the flasks were incubated in the shaking water bath for an additional 60 min at 378C to ensure complete trapping of H 2 S. The content from the center wells was with an antioxidant buffer in the test tubes. The H 2 S content was measured in a same way. The H 2 S production rate was expressed in nmol=(min=mg protein).
Ultrastructural detection by transmission electron microscopy
Ultrastructural detection was carried out as described previously (27) . In brief, myocardial tissues and H9c2 cells (final concentration, 1Â10 6 ) were fixed in 2% glutaraldehyde overnight at 48C. They were subsequently fixed with 1% glutaraldehyde and 1% osmic acid for 1 to 2 h. Specimens were dehydrated with acetone and embedded. They were cut into sections of 100 nm in thickness. Replicas were floated onto distilled water and picked up on 400-mesh copper grids. These were examined by using a JEM 1230 electron microscope ( JEOL Ltd., Tokyo, Japan).
Western blot analysis
Hearts were homogenized in lysis buffer (50 mM Tris-HCL, pH 7.5; 150 mM NaCl; 1% Nonidet P-40; 0.5% sodium deoxycholate), including a protease inhibitors and a phosphatase inhibitor. Cultured H9c2 cells were harvested and lysed in the same lysis buffer. After centrifugation at 13,000 g, supernatants were boiled in Laemmli loading buffer and separated with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). They were then transferred onto a nitrocellulose membrane, as described previously (10) . The membrane was blocked with 5% skim milk in Tris-buffered saline (TBS) for 1 h at room temperature. The membrane was incubated with primary antibody at 48C for 14 to 18 h. Appropriate HRP-labeled secondary antibodies were coupled with the blots for another 1 h at room temperature. The developed signal was visualized by using an enhanced chemiluminescence detection kit and quantified with AlphaImager (San Leandro, CA).
Immunfluorescence microscopy
H9c2 cells were cultured on cover slides to 50% confluence, treated with Hcy (2.5 mM) for 6 h, and pretreated with NaHS or PPG for 30 min. TG and TN were the positive controls. Immunfluorescence was conducted as described previously (15) . Cells were washed thrice with ice-cold phosphatebuffered saline (PBS) and fixed in 4% paraformaldehyde for 20 min. They were blocked with 5% bovine serum albumin (BSA) in PBS containing 1% Triton X-100. CHOP antibody 
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was visualized by using fluorescein isothiocyanate (FITC)-conjugated anti-rabbit secondary antibody. Nuclei and actin filaments were marked with Hoechst 33324 and phalloidin, respectively.
Statistical analysis
Data are expressed as mean AE SD. Statistical analysis was determined with one-way ANOVA followed by the least significant difference test or Dunnett's post hoc test. A value of p < 0.05 was considered significant. The analysis was performed by using SPSS 13.0 (Chicago, IL).
Results
Effect of methionine supplementation on total Hcy concentration in the plasma of rats
Plasma levels of Hcy increased by 10.3-fold ( p < 0.01) for rats in the methionine group compared with rats in the control group (Fig. 1A) . Plasma levels of Hcy decreased by 57% ( p < 0.01) for rats in the methionine þ NaHS group compared with rats in the methionine group (Fig. 1A) .
Effect of HHcy on plasma H 2 S concentration and myocardial production rate in rats
As compared with rats in the control group, plasma levels of H 2 S increased by 19% in rats of the methionine group ( p < 0.01) (Fig. 1B) , and the myocardial production rate of H 2 S decreased by 14% ( p < 0.01) (Fig. 1C) . Compared with that in HHcy rats, supplementation with the H 2 S donor NaHS increased plasma levels of H 2 S by 8% ( p < 0.05) (Fig. 1B) ; and the myocardial production rate of H 2 S increased by 14% ( p < 0.01) (Fig. 1C) .
H 2 S supplementation ameliorated myocardial tissue injury in HHcy rats
Ultrastructural examination of the myocardium in rats with HHcy demonstrated that, in the control group, cardiomyo-
FIG. 2. H 2 S supplementation ameliorated cardiomyocyte injury in HHcy rats. (A)
In the control group, the cardiomyocytes were lined up in an orderly manner; the structure of myocardial mitochondria was clear; and the SR was normal. (B) In the methionine group, the SR was obviously dilated; mitochondria, swollen; and mitochondria cristae, fractured and dissolved. (C) In the methionine þ NaHS group, the SR was not dilated, and the structure of mitochondria was clear. MIT ¼ mitochondria; SR ¼ sarcoplasmic reticulum.
cytes were arranged in a line, the structure of myocardial mitochondria was clear, and the sarcoplasmic reticulum (SR) was normal ( Fig. 2A) . In the methionine group, the myocardial SR was clearly dilated, the mitochondria swollen, and mitochondria cristae fractured and dissolved (Fig. 2B ). In the methionine þ NaHS group, the myocardial SR was not dilated, and the structure of mitochondria was clear (Fig. 2C ).
H 2 S supplementation decreased myocardial expression of GRP78, CHOP, and caspase 12 in rats with HHcy
Compared with that of rats in the control group, the expression level of: myocardial GRP78 was increased by 56%; cleaved caspase 12 was increased by 94%; and CHOP was increased by 3.3-fold in rats of the methionine group (all p < 0.01). For rats in the methionine þ NaHS group compared with rats in the methionine group, myocardial GRP78 expression was reduced by 22% ( p < 0.05) (Fig. 3) , cleaved caspase 12 expression was decreased by 42% ( p < 0.01) (Fig. 4) , and CHOP expression was decreased by 16% ( p < 0.01) (Fig. 5 ).
H 2 S supplementation directly ameliorated injury to H9c2 cells induced by HHcy
We carried out in vitro experiments to elucidate the direct effect of H 2 S on Hcy-induced cell injury. Myocardial ultrastructural examination showed that H 2 S donors directly ameliorated myocardial cell injury induced by Hcy.
In the control group, the nuclear contour was a regular ellipse, the nuclear envelope was clear and smooth, the karyoplasmic ratio was uniform, and chromatin was distributed uniformly. Organelles were abundant, the structure of mitochondria was clear, and the ER showed flat vesicles that were lined up in a regular manner (Fig. 6A) .
In the HHcy group, cells were treated with 2.5 mM Hcy, and incubation was allowed to proceed for 6 h. The nuclear contour was deformed, the nuclear envelope fractured, and chromatin aggregated into a block structure. Organelles were clearly deformed and arranged erratically, mitochondria were swollen, and mitochondria cristae fractured and dissolved. The ER was significantly dilated and showed round vesicles, and apoptotic bodies could be observed (Fig. 6B) .
In the TN group, 1.5 mg=ml TN was added to cells, and the cells were incubated for 6 h to induce ER stress. The morphology of the nuclear contour was normal, the nuclear envelope was intact, and the chromatin was aggregated. Organelles were clearly deformed and arranged erratically, and vacuoles occupied the sites of internal structures in the organelles. Mitochondria were swollen, the ER significantly dilated and seen as round vesicles. Apoptotic bodies could be seen (Fig. 6C) .
In the TG group, 10 mM TG was added to cells, and cells were incubated for 6 h to induce ER stress. The nuclear contour was deformed, the nuclear envelope fractured, and chromatin aggregated into a block structure. Organelles were deformed, the mitochondria swollen, and the ER significantly dilated. Apoptotic bodies could be seen (Fig. 6D) .
In the HHcy þ NaHS group, cells were pretreated with the H 2 S donor NaHS for 30 min, followed by 2.5 mM Hcy, and incubation was allowed to proceed for 6 h. The nuclear envelope was complete, and chromatin did not aggregate. Mitochondria were slightly swollen, and the ER was dilated (Fig. 6E) .
In the HHcy þ PPG group, cells were pretreated with the H 2 S production enzyme (CSE) inhibitor PPG for 30 min, followed by 2.5 mM Hcy, and incubation allowed to proceed for 6 h. The nuclear contour was deformed, the nuclear envelope fractured, and chromatin aggregated into a block structure. Organelles were clearly deformed, mitochondria severely swollen, and the ER significantly dilated (Fig. 6F) .
H 2 S supplementation directly decreased CHOP expression induced by Hcy in H9c2 cells
Confocal immunofluorescent analysis of H9c2 cells showed that H 2 S donors directly decreased CHOP expression induced by Hcy. CHOP antibody was used to detect CHOP expression (green); Hoechst 33324 was used to detect nuclear expression (blue); and actin filaments were labeled with phalloidin (red).
In control cells, little CHOP expression was found in the nucleus (Fig. 7A) . CHOP expression in cells treated with 2.5 mM Hcy for 6 h was clearly increased (Fig. 7B) . CHOP expression in cells given 1.5 mg=ml TN or 10 mM TG for 6 h was increased ( Fig. 7C and D) . CHOP expression was reduced in cells pretreated with the H 2 S donor NaHS for 30 min and then administrated 2.5 mM Hcy for 6 h (Fig. 7E) . CHOP expression was enhanced in cells pretreated with CSE inhibitor PPG for 30 min and then administrated 2.5 mM Hcy for 6 h (Fig. 7F ).
H 2 S supplementation directly decreased expression of cleaved caspase 12 induced by Hcy in H9c2 cells
Western blot analysis showed that administration of 1.0 mM and 2.5 mM Hcy increased the expression of cleaved caspase 12 by 30.2% and 55.9% (Hcy 1.0 mM, p < 0.05; Hcy 2.5 mM, p < 0.01) (Fig. 8B) . Inhibition of endogenous production of H 2 S by PPG could increase the expression of cleaved caspase 12. PPG at concentrations of 1, 2, and 5 mM increased the expression of cleaved caspase 12 by 9.9%, 19.8%, and 17.8% (for PPG at 1.0 mM, p < 0.05; for PPG at 2.5 mM, p < 0.01; and for PPG at 5 mM, p < 0.01) (Fig. 8C ). NaHS at concentrations of 0.1 mM and 0.5 mM decreased the expression of cleaved caspase 12 by 25.8% and 45.5%, respectively (all p < 0.01) (Fig. 8D ).
H 2 S supplementation directly decreased expression of p-eIF2a induced by Hcy in H9c2 cells
Western blot analysis revealed that administration of 0.1 mM, 0.5 mM, 1.0 mM, and 2.5 mM Hcy increased p-eIF2a expression by 13.6%, 17.6%, 21.7%, and 35.4%, respectively (all p < 0.01) (Fig. 9B) . Inhibition of endogenous production of H 2 S by PPG could increase p-eIF2a expression. PPG at concentrations of 1 mM, 2 mM, and 5 mM increased p-eIF2a expression by 8.3%, 10.5% and 19.7% (for PPG at 1.0 mM, p < 0.05, for PPG at 2.5 mM, p < 0.05, and for PPG at 5 mM, p < 0.01), respectively (Fig. 9C) . NaHS at concentrations of 0.1 mM and 0.5 mM decreased p-eIF2a expression by 6.8% and 20.6% (for NaHS 0.1 mM, p < 0.05, and for NaHS 0.5mM, p < 0.01), respectively (Fig. 9D ). 
Discussion
HHcy is an independent risk factor for cardiovascular complications (3, 18) . ER stress has been proposed to explain the pathogenic effects of HHcy (5, 25, 43), which may be a common pathway of the injury of tissues and cells induced by Hcy. The signal-transduction events associated with Hcyinduced ER stress are described in Fig. 10 . H 2 S is another metabolite of methionine (35) In control cells, the nuclear contour was seen as a regular ellipse; the nuclear envelope was clear and smooth; the karyoplasmic ratio was uniform; and chromatin was uniformly distributed. Organelles were abundant; the structure of mitochondria was clear; and the ER demonstrated flat vesicles that were lined up in a regular array. (B) Cells were treated with 2.5 mM dl-homocysteine for 6 h. The nuclear contour was deformed; the nuclear envelope, fractured; and chromatin, aggregated into a block structure. Organelles were obviously deformed and arranged erratically; mitochondria were swollen; and mitochondria cristae fractured and dissolved. The ER was significantly dilated and with round vesicles; apoptotic bodies could be seen. (C) Cells were administered with 1.5 mg=ml TN for 6 h to induce ER stress. The morphology of the nuclear contour was normal; the nuclear envelope was intact; and chromatin aggregated. Organelles were obviously deformed and arranged erratically; vacuoles occupied the sites of internal structures in the organelles. Mitochondria were swollen; the ER was significantly dilated and demonstrated round vesicles; apoptotic bodies could be observed. (D) Cells were administered 10 mM TG for 6 h to induce ER stress. The nuclear contour was deformed; the nuclear envelope, fractured; and chromatin, aggregated into a block structure. Organelles were obviously deformed; mitochondria, swollen; the ER, significantly dilated; and apoptotic bodies could be seen. (E) Cells were pretreated with the H 2 S donor NaHS for 30 min, followed by 2.5 mM dl-homocysteine for 6 h. The nuclear envelope was complete; chromatin did not aggregate; the mitochondria were slightly swollen; and the ER was dilated. (F) Cells were pretreated with the H 2 S inhibitor PPG for 30 min, followed by 2.5 mM dl-homocysteine for 6 h. The nuclear contour was deformed; the nuclear envelope, fractured; and chromatin, aggregated into a block structure. Organelles were obviously deformed; mitochondria were severely swollen; and the ER significantly dilated.
FIG. 7. H 2 S supplementation directly decreased CHOP expression induced by Hcy.
Confocal immunofluorescent analysis of H9c2 cells showed that the H 2 S donor directly decreased CHOP expression induced by Hcy. CHOP antibody was used to detect CHOP expression (green); Hoechst 33324 was used to detect nuclear expression (blue); and actin filaments were labeled with phalloidin (red). (A) In control cells, CHOP expression in the nucleus was slight. (B) Cells were treated with 2.5 mM dl-homocysteine for 6 h. CHOP expression was increased. (C) Cells were treated with 1.5 mg=ml TN for 6 h to induce ER stress. CHOP expression was increased. (D) Cells were treated with 10 mM TG for 6 h to induce ER stress. CHOP expression was increased. (E) Cells were pretreated with the H 2 S donor NaHS for 30 min followed with 2.5 mM dl-homocysteine for 6 h. CHOP expression was reduced. (F) Cells were pretreated with the CSE inhibitor PPG for 30 min, followed with 2.5 mM dl-homocysteine for 6 h. CHOP expression was enhanced.
the cardiovascular system against Hcy-induced damage. Whether the ER-stress status of cardiomyocytes and the underlying signaling cascade is regulated by H 2 S is not known. We conducted in vivo and in vitro experiments to determine whether H 2 S plays a profound role in regulating ER stress induced by HHcy.
In the present study, NaHS was used as an H 2 S donor. Under physiologic conditions, H 2 S exists at about one third as the undissociated form (H 2 S) and about two thirds as HS À at equilibrium (9) . NaHS can be spontaneously dissociated into Na þ and HS À in solution, and then the latter associates with H þ to produce H 2 S. The influence of 1 mM sodium ion in the physiologic experiments is negligible in plasma containing 140 mM sodium ion (14) . NaHS does not change the pH value of the medium. NaHS was widely used as an H 2 S donor to investigate the effect of H 2 S in many studies (36, 42, 46) .
HHcy is a pathologic condition in which Hcy metabolism in the plasma is disrupted (2, 30) . In our in vivo study, we successfully produced an HHcy model in the rat by administering methionine. Normal levels of Hcy are 5 to 15 mM. Mild HHcy is defined as 15 to 30 mM, intermediate HHcy, as 30 to 100 mM, and severe HHcy, as more than 100 mM (20) . In our methionine group, plasma total Hcy levels indicated intermediate HHcy. Plasma H 2 S concentration and myocardial H 2 S production rate were reduced in HHcy rats, indicating that endogenous H 2 S exerted important effects on HHcy pathogenesis. Ultrastructural examination showed that in the methionine group, myocardial SR was clearly obviously dilated, the mitochondria swollen, and mitochondria cristae fractured and dissolved. SR is the smooth ER in cardiomyocytes. We chose GRP78, caspase 12, and CHOP as markers of ER stress. GRP78 is an ER-chaperon protein whose expression is increased during ER stress (21) . CHOP and caspase 12 participate in ER stress-induced apoptosis (27) . In the methionine group, accompanied by dilation of myocardial SR, expressions of GRP 78, caspase 12, and CHOP were all induced by HHcy. This indicated that severe ER stress was induced in the myocardium and that it may be the cause of HHcy injury.
H 2 S serves as a protective gaseous signaling molecule in cardiovascular systems. The physiologic concentration of H 2 S could exert effects on mitochondrial function and promote the survival of myocardial cells (8) . ER is another important subcellular organelle critical for protein folding and the formation of disulfide bonds (44) . Investigating whether H 2 S can exert effects on the ER is important. In the present study, supplementation of H 2 S not only reduced plasma total Hcy level, but dl-Homocysteine at concentrations of 1.0 and 2.5 mM increased expression of cleaved caspase 12. Cells treated with 0 mM dl-homocysteine were considered to be the control group, and the protein expression in this group was deemed to be 1. *p < 0.05; **p < 0.01 compared with control group. (C) Cells were pretreated for 30 min with 0, 1, 2 and 5 mM PPG, and then supplemented with 2.5 mM dl-homocysteine for 6 h. PPG at concentrations of 1, 2, and 5 mM increased expression of cleaved caspase 12. Cells treated with 2.5 mM Hcy were considered to be the control group, and the protein expression in this group was deemed to be 1. *p < 0.05, **p < 0.01 compared with control group. (D) Cells were pretreated for 30 min with 0, 0.1, 0.5, and 1 mM NaHS, and then supplemented with 2.5 mM dl-homocysteine for 6 h. NaHS at concentrations of 0.1 and 0.5 mM decreased expression of cleaved caspase 12. Cells treated with 2.5 mM Hcy were considered to be the control group, and the protein expression in this group was deemed to be 1. **p < 0.01 compared with control group. also alleviated myocardial injury. Ultrastructural examination showed that the structure of the myocardial SR was restored to its normal state, and that mitochondria recovered their shape. Further research demonstrated that H 2 S supplementation could decrease the expression of GRP78, caspase 12, and CHOP in the myocardium of rats with HHcy. The fact that H 2 S reduces expression of GRP78 and caspase 12 is in accord with H 2 S effects on stress-related gastric ulceration (19) . In HHcy rats, H 2 S may regulate the expression of ER stress-associated markers to promote cardiomyocytic survival.
We carried out an in vitro study to explain further the direct effects of H 2 S on Hcy-induced ER stress. The H9c2 cell line is derived from rat embryonic heart and is used to study the exclusive molecular mechanisms of myocardial cells (12, 28, 34) . We used four concentrations of Hcy (0.1, 0.5, 1.0, and 2.5 mM) to induce injury in accordance with previous studies (16, 34) . Ultrastructural examination showed that 2.5 mM Hcy could damage H9c2 cells. The ER was significantly dilated and was seen as round vesicles; apoptotic bodies could be seen. These changes were consistent with the in vivo study. Cells treated with 2.5 mM Hcy showed increased expression of CHOP in the nucleus. The ER stress-inducers TN and TG exhibited the same morphologic changes, so we concluded that 2.5 mM Hcy could lead to ER stress. Caspase 12 is a specific proapoptotic ER stress marker. In our in vitro study, was separated on 10% SDS-PAGE and subjected to Western-blot analysis; p-eIF2a (36 kDa) expression was counted by comparing gray intensity and area of bands with eIF2a (36 kDa). (B) Cells were supplemented with 0, 0.1, 0.5, 1.0, or 2.5 mM dl-homocysteine for 6 h. dl-Homocysteine at concentrations of 1.0 mM and 2.5 mM increased p-eIF2a expression. Cells treated with 0 mM dl-homocysteine were considered to be the control group, and the protein expression in this group deemed to be 1. *p < 0.05; **p < 0.01 compared with control group. (C) Cells were pretreated for 30 min with 0, 1, 2, and 5 mM PPG, and then supplemented with 2.5 mM dl-homocysteine for 6 h. PPG at concentrations of 1, 2, and 5 mM increased p-eIF2a expression. Cells treated with 2.5 mM Hcy were considered to be the control group, and the protein expression in this group was deemed to be 1. *p < 0.05; **p < 0.01 compared with control group. (D) Cells were pretreated for 30 min with 0, 0.1, 0.5, and 1 mM NaHS, and then supplemented with 2.5 mM dl-homocysteine for 6 h. NaHS at concentrations of 0.1 and 0.5 mM decreased p-eIF2a expression. Cells treated with 2.5 mM Hcy were considered to be the control group, and the protein expression in this group was deemed to be 1. **p < 0.01 compared with control group.
Western blot analysis showed that 1.0 mM and 2.5 mM Hcy could increase the expression of cleaved caspase 12, which further confirmed that ER stress was an important cause of HHcy. eIF2a controls gene expression at the translational level and has critical roles in cell growth. Phosphorylation of eIF2a can block the initiation of gene expression (37) . The ratio of p-eIF2a to eIF2a is an important factor in the ER-stress pathway. P-eIF2a can block the initiation of most gene expression at the translational level, but it may also enhance CHOP activity at a posttranscriptional level (44) . Our data showed that all tested concentrations of Hcy (0.1, 0.5, 1.0, and 2.5 mM) increased the ratio of p-eIF2a and eIF2a, suggesting that P-eIF2a might be one of the targets of Hcy in ER stress.
In our in vitro study, cells not only were supplemented with H 2 S, but also were pretreated with PPG. PPG is a CSE inhibitor that can inhibit endogenous production of H 2 S in the cardiovascular system. Ultrastructural examination showed that, in the HHcy þ NaHS group, dilation of myocardial ER was reduced, but in the HHcy þ PPG group, mitochondria and the ER were significantly dilated. These data suggested that H 2 S supplementation could alleviate Hcy-induced injury in H9c2 cells, whereas H 2 S inhibition could aggravate the damage. Further analysis showed that H 2 S supplementation directly decreased the expression of cleaved caspase 12 and p-eIF2a induced by Hcy in H9c2 cells, whereas H 2 S inhibition increased the expression of cleaved caspase 12 and p-eIF2a. The results indicated that endogenous H 2 S counteracted Hcy injury by regulating ER stress and might act as a novel therapeutic substance for HHcy.
In summary, our data showed that H 2 S could effectively ameliorate HHcy-induced cardiomyocytic injury along with decreased expressions of GRP78, CHOP, and caspase 12 in rats with HHcy. In H9c2 cells, Hcy and ER-stress inducers TN and TG successfully induced a marked cell injury and ER stress. The inhibition of endogenous H 2 S production further enhanced cellular ER stress, but supplementation of the H 2 S donor markedly antagonized cell injury in association with downregulation of CHOP, cleaved caspase 12, and p-eIF2a expressions. The results suggested that H 2 S could attenuate cardiomyocytic ER stress in HHcy-induced cardiomyocytic injury.
